Abstract. We present the results of a high sensitivity survey for 6.7 GHz methanol masers towards 22 GHz water maser using the 100 m Efflesberg telescope. A total of 89 sources were observed and 10 new methanol masers were detected. The new detections are relatively faint with peak flux densities between 0.5 and 4.0 Jy. A nil detection rate from low-mass star forming regions enhances the conclusion that the masers are only associated with massive star formation. Even the faintest methanol maser in our survey, with a luminosity of 1.1 10 −9 L⊙ is associated with massive stars as inferred from its infrared luminosity.
Introduction
The 5 1 −6 0 A + transition of methanol at 6.7 GHz produces the brightest known methanol masers. These masers are widespread in the Galaxy and more than 550 sources have been detected to date, including the compilations of Xu et al. (2003) , Malyshev & Sobolev (2003) and Pestalozzi et al. (2005) and the new searches of and Ellingsen (2007) . The masers are not only a powerful tool of massive star-forming regions, but are also potentially useful for measuring distances using VLBI techniques, as has been demonstrated using their 12.2 GHz counterparts (Xu et al. 2006 ). Searches for 6.7 GHz methanol masers have been primarily targeted toward IRAS sources, OH masers, and ultracompact HII regions (e.g. Caswell et al. 1995; Walsh et al. 1997; Szymczak et al. 2000) . In addition there have been a few blind surveys (Caswell et al. 1995; Ellingsen et al. 1996 , Szymczak et al. 2002 ). Unlike surveys in Southern sky, most surveys in Northern sky have a sensitivity limit of more than 1 Jy. The recent blind survey using the 305 m Arecibo radio telescope resulted in the discovery of numerous faint (< 1 Jy) methanol masers .
Here, we report on the results of a sensitive survey for CH 3 OH masers targeted towards H 2 O maser sources, primarily in the Northern sky. Although there is no spatial correlation between 6.7 GHz CH 3 OH and 22 GHz H 2 O masers (Beuther et al. 2002; Breen et al. 2007 ), a
Send offprint requests to: Y. Xu high detection rate of both maser types in the same star forming regions indicates that the maser bearing phases for these two species overlap (Codella & Moscadelli 2000; Szymczak et al. 2005) . The goals of our survey are twofold: to find more CH 3 OH masers as astrometric targets for future VLBI observations to understand the spiral structure of the Galaxy. Further, since H 2 O masers are found towards both low-mass and high-mass star forming regions, we hope to verify the exclusive association of 6.7 GHz methanol masers with massive star formation.
Observations
The observations were made using the Effelsberg 100 m telescope 1 in February and May 2006. The rest frequency adopted for the 5 1 − 6 0 A + transition was 6668.519 MHz (Breckenridge & Kukolich 1995) . For the February observations, the spectrometer was configured to have a 10 MHz bandwidth with 4096 spectral channels yielding a spectral resolution of 0.11 km s −1 and a velocity coverage of 450 km s −1 . In May, a bandwidth of 20 MHz was used giving a spectral resolution of 0.22 km s −1 and a velocity coverage of 900 km s −1 . The half-power beam width was ∼ 2 ′ and the telescope has an rms pointing error of 10 ′′ . The observations were made in position switched mode. The system temperature was typically around 35 K during our observations. The flux density scale was determined by observations of NGC7027 (Ott et al. 1994) . The absolute calibration for flux density is estimated to be accurate to ∼ 10%. The integration time on source was typically three minutes, which resulted in a mean rms noise level of ∼ 0.1 -0.2 Jy in the spectra. When a source was detected, the integration time was increased to around 8 minutes (at the same position) with a velocity resolution of 0.11 km s −1 to obtain spectra with high signal to noise ratio.
The target sources were H 2 O masers selected from the Arcetri catalog (Comoretto et al. 1990 and Brand et al. 1994) , and are shown in Table 1 . The sources were selected based on associations with star forming regions or HII regions, with declinations δ ≥ −10
• . This gave us a sample of 178 sources of which 17 sources may be associated with low-mass young stellar objects (YSOs) with infrared luminosities less than 10 3 L ⊙ . 154 out of 178 sources are associated with IRAS point sources. We then excluded sources that had previous detections of methanol masers, which reduced our sample size to 131 sources. Of this, we observed a total of 89 sources within our observing time constraints. For all sources, the spectrometer was centered on the velocity of peak emission of the water maser. However, the wide velocity coverage precludes the possibility of methanol masers being missed due to their velocities being significantly offset from that of the water masers.
Results
Our observations resulted in the discovery of 10 new methanol masers, the properties of which are listed in Table 2 . Since we did not attempt to refine the position of the methanol masers using a grid of observations, the positions quoted in Table 2 could have an error as high as ∼ 1 ′ . The maser luminosities quoted in Table 2 are calculated from the integrated flux density assuming isotropic emission. Details of water maser sources that had non-detections of methanol masers are indicated in Table  3 , which is available on-line. The peak flux densities of the methanol masers detected in our survey range from 0.5 to 4.0 Jy. Five sources are located beyond the solar circle, which is a significant addition to the number of such sources in the northern sky. It is interesting that the kinematic distance to the source 05137+3919 puts it at a distance of ∼ 14 kpc from the Sun and 20 kpc from the Galactic center. This is one of the farthest methanol masers (in terms of distance from the Galactic center) in the outer Galaxy, although the uncertainties in the rotation curve at these galactrocentric radii, and peculiar motions such as that observed in W3OH (Xu et al. 2006) translate to significant uncertainties in the kinematic distance. Measuring parallax distances to sources like 05137+3919 will be useful for measuring the rotation speed of the Galaxy at large galactocentric radii.
Individual sources
The spectra of the CH 3 OH masers detected in our survey are shown in Figure 1 . The spectra have a velocity resolution of 0.11 km s −1 . Here we present notes on individual sources. 05137+3919. There are two features that are separated by about 4.5 km s −1 . The stronger feature is at an LSR velocity of -3.9 km s −1 , while the weaker feature has a flux density of only 0.35 Jy. This region is associated with a 3.6 cm continuum source (Molinari et al. 2002) . 06446+0029. There are at least five features over a velocity range of over 7 km s −1 . The feature at 48.6 km s −1
is the strongest one. There is near infrared emission in this region as seen in 2MASS, and a non-detection of SiO masers (Harju et al. 1998 with multiple features being blended together. There are at least two compact HII regions associated with this region within 2 ′ (Wood & Churchwell 1989a; Becker et al. 1994) . One of them, separated by about 80 ′′ , could be associated with this region. 18403-0440. This source primarily shows a single feature at +20.1 km s −1 . No observations have been reported on this region, except near infrared emission from the 2MASS. 18479-0005. Walsh et al. (1997) did not detect maser emission within their 1 Jy limit (3σ). There are several features crowded within a velocity range of only 2 km s −1 . A UC HII region is associated with this source (Kurtz et al. 1994) . 20275+4001. This source displays a single feature at -6.9 km s −1 , which matches the H 13 CO + (4-3) peak of Hasegawa & Mitchell (1995) . A bipolar outflow and a continuum source were also detected in this region (Hasegawa & Mitchell 1995; Trinidad et al. 2003) . Mid-infrared images show that this source is surrounded by an optically thick dusty envelope (Marengo et al. 2000) . 21306+5540. There are clearly five features in this source. Except for near infrared emission from the 2MASS, no other observations have reported in this region. 22176+6303 (S140). This source shows a double peaked structure and is the weakest source detected in this survey. At a distance of 910 pc (Crampton & Fisher 1974) , the maser luminosity is very low (1.1 10 −9 L ⊙ ). However, its infrared luminosity indicates that it is still associated with a massive star forming region (Table 2) . A faint continuum source (Kurtz et al. 1994 ) and a CO outflow (Minchin et al. 1993) are associated with the region.
Discussion
We detected 10 methanol masers from targeting 89 sources which results in a detection rate of ∼ 11%. However, to compare the statistics of H 2 O and methanol masers, we have to consider the entire original sample of 178 sources that satisfied our selection criteria (δ ≥ −10
• ). 47 sources have previous detections of methanol masers, while 42 sources were not observed due to constraints of observing time. Hence, the overall detection rate of methanol masers in a water maser sample is at least ∼ 32%. Our sample includes 17 sources that are associated with lowmass YSOs and 10 of them were observed in this survey. A nil detection rate from these sources adds to the results of Minier et al. (2003) , suggesting that 6.7 GHz methanol masers are only associated with massive star forming regions. Therefore, excluding the low-mass YSOs, the detection rate is at least ∼ 35%. Fig. 2 shows the color-color diagram of the IRAS sources associated with the sample of water masers. The box on the upper right corner shows the Wood & Churchwell (1989b) (hereafter WC) criteria used to identify embedded massive stars and ultracompact HII regions. The stars and circles show the old and new methanol maser detections respectively. 113 out of 154 sources satisfy the WC criteria, of which 40 sources have methanol maser emission. Since 21 sources satisfying the WC criteria were not observed, the detection rate among IRAS sources satisfying WC criteria and hosting H 2 O masers is at least ∼ 35%. This detection rate is better than that of a survey based purely on IRAS sources satisfying WC criteria (e.g. see discussion of Ellingsen et al. 1996) . It is to be cautioned that not all of these cases are true associations, as the IRAS source may point to the brightest far infrared source in the star forming region, and better positions for methanol masers may preclude some of the current associations (Ellingsen 2006; . There are also 12 methanol masers whose IRAS colors do not satisfy WC criteria. It can also be seen from Fig. 2 that there is no distinction between the IRAS sources associated with the new detections, and those associated with the previous detections (which are brighter), nor is there any distinction between the colors of sources with and without methanol masers. Thus, the low detection rate in our survey (11 %) is not due to any systematic differences between in the infrared properties of the sources in our survey (versus the sources associated with previous detections of methanol masers). The lack of distinction of the IRAS source properties of bright versus faint methanol masers is also consistent with the observation of .
There is only one detection with a peak flux density less than 1 Jy, (this is also the only such source in the entire sample including previous detections). It should be noted that our sample is not from an unbiased survey, and hence it is not possible to discuss the implications of this in the context of the methanol maser population in the Galaxy. However, we note that this is consistent with the results of the simulation of van der Walt (2005) and the results of the . van der Walt (2005) using Monte Carlo simulations determined the completeness of surveys as a function of their flux densities, while the observational results of corroborate the theoretical analysis with regard to the total number of methanol masers in the Galaxy. Moreover, found that the distribution of peak flux densities drops at flux densities below ∼ 1 Jy. This could be one of the reasons why we didn't detect many sources below 1 Jy. Fig. 3a (left panel) shows the luminosity distributions for both maser types as a function of the infrared luminosity of the host IRAS sources and Fig. 3b (right  panel) shows the the maser luminosities of the two species plotted against each other. Only sources that show emission in both species are shown in Fig. 3 . The infrared flux F IR (used to determine the infrared luminosity L IR ) is calculated using the formula below (Casoli et al. 1986 ).
where F 12 , F 25 , F 60 and F 100 refer to the IRAS fluxes in 12, 25, 60 and 100 µm respectively. The distances are taken from the literature. For sources with no published distance, the near kinematic distance, computed from the peak velocity of 6.7 GHz emission using the galactic rotation curve of Wouterloot & Brand (1989) , assuming R 0 = 8.5 kpc and Θ 0 = 220 km s −1 , is adopted. The near kinematic distance is used because it seems realistic (Sobolev et al. 2005) . Fig. 3a shows that there is reasonably good correlation seen between the infrared luminosity and that of both H 2 O (Correlation coefficient R = 0.64, Probability p < 0.0001) and CH 3 OH masers (R = 0.56, p < 0.0001). This correlation has been found in the past by a number of groups (e.g. Wouterloot & Walmsley 1986; Szymczak et al. 2005) , and the vertical scatter is normally attributed to the variability of the masers. However, it is not clear as to whether this correlation is physically meaningful. On the one hand, both maser types are spatially separated and have very different excitation requirements. H 2 O masers are collisionally pumped and occur in shocks along outflows, while CH 3 OH masers produced by radiative pumping and originate from circumstellar disks or envelopes. Thus, it is not clear whether the correlation seen in Fig. 3a arises from a physical connection between the far-infrared luminosity and maser luminosity. Fig. 3b shows that there is also a good correlation between methanol and water maser luminosities (R = 0.63, p < 0.0001). Since there is no physical connection between the two quantities, it is possible that the correlations are just a distance squared effect, as suggested by Palla et al. (1991) for the correlation between the water maser and the infrared luminosity. It is also curious that the water masers in our sample (that are associated with methanol masers) are an order of magnitude more luminous than the ones associated with the methanol maser sample of Szymczak et al. (2005) . Some methanol masers detected in our survey have low luminosities with the faintest source having a maser luminosity of only 10 −9 L ⊙ . However, the infrared luminosities of all sources range from 10 3 to 10 6 L ⊙ , indicating that they are associated with massive star formation.
Summary
A survey for 6.7 GHz CH 3 OH masers was carried out toward 89 water masers and 10 new sources were detected, five of which are located beyond the solar circle. A nil detection rate from low-mass star forming regions enhances the conclusion that 6.7 GHz methanol masers are only associated with massive star forming regions. There is only one source maser with a peak flux density less than 1 Jy, which could be due to the nature of the methanol maser luminosity function. This paper presents only the results of the survey. In a separate paper, we will report on the environment around the masers, using ongoing observations of various molecules such as CO, HCO + , CN and NH 3 . This will also elucidate on any differences between faint masers and their bright counterparts. (4) shows the distances. Cols. (5) and (6) present the integrated flux density and peak flux density. Cols. (7) and (8) show the radial velocity of peak emission and the radial velocity range. Cols. (9) - (11) 
